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ABSTRACT 
 
Corrosion-Prevention Compounds (CPC) are commonly used to prevent corrosion in the 
aircraft industry. The presence of corrosive environment (salt-fog, water-fog, even dry 
air) on aircraft structures has detrimental effects on the integrity of aircraft components 
which reduces the fatigue life and may accelerate the crack growth rate in the structures. 
This thesis work is aimed at identifying the effect of CPC and corrosion fatigue on the 
fatigue life of test specimen. This study describes the results of an experimental study on 
aluminum alloy 2024-T3 with center-crack specimen to investigate the effect of CPC on 
fatigue life. Generally, these compounds contain a volatile solvent, corrosion inhibitors, 
and a barrier film such as grease or wax. The mechanism of corrosion fatigue is studied 
with the application of CPC. The corrosion fatigue with the presence of water-vapor 
reduces the total fatigue life. The fatigue life with the CPC treatment is shown to increase 
the fatigue life due to the protection from the corrosive environment (water-vapor). Test 
results are obtained for various stress ratios and frequencies; with and without the CPC 
treatment, under constant amplitude fatigue loading in water vapor. 
 
Second objective of thesis work is to investigate the effect of periodic overloads on the 
fatigue life under constant amplitude fatigue loading. The results show that the fatigue 
life increases due to the periodic overloads in 2024-T3 aluminum alloy. The interactions 
between overloads that are controlled by the spacing cycles between overloads and 
overload ratios are also examined. The maximum interaction to achieve a maximum 
increase in fatigue life is observed that the best spacing cycle between overloads has been 
found to be in the range from 400 to 2000 cycles for an overload ratio of 1.7.  
 
Micrograph of the failed specimen surface is examined by using Scanning Electron 
Microscope (SEM) to investigate the failure processes and the formation of crack surface 
along the crack front in the crack growth surface. It is indicated that two distinct failure 
modes are found. These are ductile fracture and brittle fracture. The transition from the 
ductile mode to brittle mode is observed in this thesis work. 
 xiii
CHAPTER 1. INTRODUCTION 
 
1.1 History of Corrosion Fatigue and Overload Induced Residual Stress Field 
 
Twenty to thirty years ago, a major focus was on maintaining aircraft structures in their 
prime (Rolfe and Barsom, 1977, & Schijve, 1976 etc.); today, the emphasis is on the care 
of the aged and extension of service lives beyond their design life (Newman, 1997, Tür and 
Vardar, 1996, & Schijve, 1985, etc.). Life extension of aircraft structures has become the 
major growth sector of the aerospace industry. The bulk of that sector is concentrated on 
two major fronts: the fight against fatigue and the control of corrosion. The coupled effects 
of fatigue and corrosion largely determine the service life of our transportation system and 
infrastructure complex. 
 
Over the years, structural engineers and corrosion scientists have made significant inroads 
into understanding, predicting and monitoring both corrosion and fatigue. Unfortunately 
there are many parts of the airframe structure, e.g. fuselage lap joints and wing spar caps, 
that are subject to simultaneous corrosion and fatigue. The effect of their combined attack 
on the durability of the structure is still a relatively unknown factor. 
 
One important example is the case of mechanically fastened joints, such as wing and 
fuselage lap splices, which are treated with Corrosion Prevention Compounds (CPC) on the 
inner faying surfaces of the panels. Experimental studies indicate that while Corrosion 
Prevention Compounds (CPC) are very effective in preventing corrosion within joint, in 
many instances they have also significantly reduced their fatigue life (Hinton, et al., 1996 
& Komorowski, et al., 1996 & Rudy Dhamari, et al., 1999 & Krishnakumar Shankar, 2002). 
This is due to the lubricative effect of oil and wax based Corrosion Prevention Compounds 
that reduce the friction between faying surfaces, consequently increasing the bearing load 
on the fasteners, which reduces the fatigue life of the joints. However, there is still debate 
on this issue. In some cases no reduction in fatigue life has been observed. These disparities 
have been attributed to variations in frequency or load range and so on. But, there is also a 
beneficial effect of Corrosion Prevention Compounds on fatigue life. The presence of 
Corrosion Prevention Compounds at the crack tip can influence the rate of crack growth in 
the specimens directly by dispelling moisture from environment. 
 
The second part of this thesis work relates to the effect of periodic overloads during 
constant cycling amplitude loadings on the fatigue life. The loading condition is varied 
significantly in real service condition. Overload can occur in service situations. Overload is 
a high peak stress under variable amplitude loading. The residual stress induced by 
overload has a beneficial effect on crack growth. The crack growth retardation due to one 
overload has been widely investigated (Dahl and Roth, 1979, & Schijve, 1973) in those 
studies. The crack growth rate was reduced after overload. In other words, the fatigue life 
was increased due to overload. Crack growth analysis for variable amplitude loadings is not 
possible without an account of retardation effects. But, few studies relating to periodic 
overloads are available. Therefore, in this thesis work an experimental program was 
undertaken to study the effect of periodic overloads on fatigue life. 
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1.2 Mechanism of Corrosion Fatigue 
 
The combined effect of treatment with CPC on the corrosion fatigue life would be a 
compromise between the beneficial effect (exclusion of moisture and prevention of 
oxidation at the crack tip) and the detrimental effect of the reduced friction between fraying 
surfaces (due to the lubricative effect of the corrosion prevention itself). To understand this 
complex conflicting phenomena, this research will study the effect of CPC on the crack 
growth behavior in center pre-crack aluminum alloy (2024-T3) specimens under 
environmental conditions (water-vapor) and the influence of stress level, frequency and 
stress ratios on this effect. These studies about the synergistic actions of corrosion and 
fatigue, however, have produced diverse and wide range results. The reason is partly due to 
the large number of variables involved with this type of material behavior. The exact 
degree to which corrosion affects fatigue life depends on factors that influence fatigue such 
as stress level, frequency, stress amplitude, stress ratio and stress history, as well as on 
corrosion parameters such as the type of environments (vacuum, dry air, water-vapor, salt-
vapor), and exposure time.  Their mutual interactions on fatigue life will be mentioned in 
Chapter 2. 
 
But, in general the exposure to corrosive environment either prior to fatigue or during the 
cyclic loading significantly reduces the life of the component. The primary characteristics 
of corrosion fatigue life are that the crack growth rates can be substantially higher in the 
corrosive environment, because it reduces the fatigue life of crack initiation or it increases 
the crack growth rate or both. 
 
A general survey of a fatigue prediction scenario is given in Figure 1.1. All aspects of the 
input information have to be used for predictions on fatigue life and crack growth. A 
pertinent question is: Do we have reliable prediction models? If so, do we obtain accurate 
indications of the fatigue behavior of a structure in service? Is it desirable to verify the 
predictions by laboratory fatigue experiments? Are the results from standard fatigue 
specimens good to use in real structures? If not, what modification do we need? An 
evaluation of these questions requires a fundamental understanding of the fatigue 
mechanisms occurring in structural materials under conditions applicable to the real 
structure in service conditions. 
 
The aim of this thesis work is to develop further understanding of fatigue life and to predict 
fatigue life. The emphasis is on the effect of environments (dry air, water vapor with or 
without Corrosion Prevention Compounds) and loading conditions (frequency, stress ratio) 
on the fatigue life. Also, the effect of CPC (LPS-3 Heavy duty corrosion inhibitor) on 
fatigue life under corrosive environment is being studied. The above work has been carried 
out experimentally in this thesis work. It is useful to consider the fatigue life as consisting 
of two periods: 
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Figure 1.1 Diagram of the fatigue prediction problem in practical applications. 
(Schijve, 1996) 
 
 
• The crack initiation period, including crack nucleation and micro-crack growth.  
• The crack growth period, covering the growth of a visible crack.  
 
There is an obvious question of defining the transition from the initiation period to the 
crack growth period. The transition from the micro-crack growth period to the macro-
crack growth period depends on the type of material, structure and structural dimensions. 
Different phases of fatigue life and relevant factors are shown in Figure 1.2. 
 
Corrosion fatigue refers to the phenomenon of cracking in materials under the combined 
actions of fatigue (cyclic) loading and a deleterious corrosive environment (gaseous or 
aqueous). This phenomenon has been recognized as an important cause for a failure of 
engineering structures (Barsom, 1971, & Gangloff and Wei, 1977). 
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Figure 1.2. Different phases of fatigue life and relevant factors 
 
Understanding of the corrosion fatigue mechanism is essential to service life prediction, 
and fracture control. The concept is shown schematically in Figure 1.3. Engineering 
analysis of crack growth is often required and can be done using the stress intensity 
concept, K, of fracture mechanics. The fracture mechanics parameter K quantifies the 
severity of the combination of crack length, loading, and geometry that exists around the 
crack tip. This equation can be expressed by 
 
aYSK π=                                                                                                            (1.1) 
 
where “a” is half-crack length, and S is nominal stress, usually defined based on the gross 
area of the uncracked member, and Y is a geometry factor. Basically, crack growth is the 
geometrical consequence of sharpening and crack tip blunting. A growing crack increases 
its length by a ∆a due to the application of a number of cycles, ∆N. The rate of growth 
with cycles can be represented by the ratio ∆a/∆N. From the above equation, ∆S = Smax – 
Smin is related to the stress intensity range ∆K, by 
 
aSYK π∆=∆                                                                                                      (1.2) 
 
Assume that the applied loading is cyclic with constant values of the stresses Smax and 
Smin. It is conventional to use the stress range ∆S and the stress ratio R = Smin / Smax, 
which can be defined as shown in Figure 1.3. The ∆K increases with crack length during 
constant amplitude stressing ∆S, and since the crack growth rate da/dN depends on ∆K, 
the crack growth rate is not constant, but increases with crack length. Therefore, the crack 
accelerates as it grows. This situation of changing da/dN necessitates the use of an 
integration procedure to obtain the fatigue life until the complete failure. Crack growth 
rates da/dN for a given combination of material and R-ratio are given by the equation 
shown in Figure 1.3. 
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Various forms of crack growth rate equations (Paris’s or Walker’s equations, etc.) that are 
normally used are given in Chapter 2. By solving the equation for dN and integrating 
both sides, fatigue life Nf is obtained. This integral gives the number of cycles required 
for the crack to grow from an initial size ai to a final size af at cycle number Nf. The 
primary variable affecting the fatigue life is the range of the stress, stress ratio, frequency, 
and corrosion environment. So, fatigue life prediction is related to quantifying the fatigue 
problem in terms of crack growth rate and integration. 
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Figure 1.3. Concept of fatigue crack growth and fatigue life 
 
Fatigue is a practical problem for all kinds of structures with many load cycles. A 
repetition of many load cycles can initiate a fatigue crack. The crack will grow until total 
fracture of the structure, unless it is found by inspection. Fatigue failures can have 
significant consequences in practice, which can be highly undesirable for reasons of 
economy and safety. As a consequence, the concept of designing against fatigue has 
attracted much attention from industry, universities, and research institutes to protect 
society against catastrophic accidents. Therefore, designing against fatigue is a matter of 
serious concern. Various design-options, experience and engineering judgment are 
essential for a safe design against fatigue failure. 
 
The general interrelationships associated with environmentally assisted cracking 
(Corrosion Fatigue), which can encompass crack growth rates of more than 10 mm/s to 
less than 10-10 mm/s, are shown in Figure 1.4. 
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Figure 1.4. General interrelationships associated with environmentally assisted 
cracking (a) Venn diagram of Mechanism, (b) Venn diagram of Variables 
(Andresen, 1996) 
 
The generalized corrosion fatigue cracking mechanism involves the single or mutual 
occurrence of hydrogen embrittlement with the different stress type depending on the 
variations of the stress ratio and frequency. The variables can be divided into four 
categories (mechanical, geometrical, metallurgical and environmental variables). The 
influences of some of the variables on the corrosion fatigue life are described briefly 
below. 
 
Mechanical Variables 
o Fatigue load frequency 
o Fatigue load ratio 
o Fatigue load waveform 
o Maximum stress or stress-intensity factor  
o Cyclic stress or stress-intensity range 
o Load interactions in variable amplitude loading (over/ under/ spectrum load) 
o State of stress 
o Residual stress 
o Stress ratio 
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Geometrical Variables 
o Crack size and shape, and their relation to component size and geometry 
o Crack geometry 
o Specimen thickness (plane strain versus plane stress) 
 
Metallurgical Variables 
o Alloy composition 
o Microstructure and crystal structure 
o Heat treatment 
o Grain boundary structure 
o Grain shape and size 
o Texture 
o Distribution of alloy elements and impurities 
o Preferred orientation of grains and grain boundaries (texture) 
o Deformation mode (slip character, twining, cleavage) 
o Mechanical properties (strength, toughness, etc.) 
 
Environmental variables 
o Type of environments (gaseous or liquid) 
o Partial pressure of damaging species in gaseous environments 
o Concentration of damaging species in aqueous or other liquid environments 
o Temperature 
o pH level 
o Electrochemical potential 
o Viscosity of the environment 
o Coatings, inhibitors, etc. 
 
Among the above factors, the following factors and their interdependence are crucial in 
most investigations of corrosion fatigue life. Therefore, only the following factors will be 
considered in this thesis work. 
 
1. Stress Intensity Amplitude (∆K) 
2. Effect of Fatigue Frequency 
3. Effect of Stress Ratio 
4. Effect of Environment 
 
An experimental program is carried out to examine the degree of corrosion prevention by 
using a Corrosion-Prevention-Compound (LPS-3 Heavy-Duty Rust Inhibitor compound) 
in a water vapor environment with the above different four factors. This compound meets 
Boeing BMS-3-23F Type Π, MIL-C-0083933A para.3.2-3.16, MIL-C-16173D Grade 2 
Class I, Airbus TN A. 007.10138 Type Ι grade 2 and DMS 2150. Typical results of use 
are to protect against rust and corrosion, provide anti-seize coating, and provide non-sling 
lubrication for up to two years. Unfortunately, the product ingredients of LPS-3 are a 
trade secret and it remains unknown. 
 
 7
Corrosion-Prevention-Compounds have both beneficial and detrimental effects on crack 
growth and fatigue. This investigation is aimed at identifying the mechanisms by which 
CPC influence fatigue life in Aluminum Alloy, 2024-T3. Aluminum alloy is widely used 
in industry because of its light weight and corrosion resistance. Al-2024-T3 is widely 
used for aircraft structures, offshore structures, truck wheels and screw-machine products, 
etc. Aluminum alloys are employed for the structural framework of fuselage and wing 
assemblies in aircraft structures. Therefore, Al-2024-T3 has been used in this thesis work. 
In real service situation, there are variations in random loading condition in the aerospace 
industry. Overload is sometimes caused by wind gusts. These overloads should be 
considered carefully to predict the fatigue life of the wing when the wing is designed. The 
second part of this thesis investigates the effect of periodic overloads on fatigue life. 
 
Specifically, the technical objectives can be summarized as follows: 
 
Task#1: Study of fatigue life under water vapor environment (different frequencies and 
stress ratios) with and without Corrosion-Prevention-Compounds (CPC: LPS-3) 
 
 
Task#2: Study of the significance of periodic overloads and interactions under constant 
amplitude loading. 
 
1.3 Mechanism of Overloads 
 
Service loads are mostly random in nature. Most structures like airplanes, bridges 
experience some form of variable amplitude loading. One high peak stress can also occur 
during variable loading. This stress is called overload. This load fluctuation can lead to 
fatigue crack propagation, the rate of which depends on the interaction of loads. High 
peak overload can cause large immediate incremental growth, but sometimes can disturb 
the crack tip parameters leading to retarded growth in the following cycles depending on 
the overload ratio (OLR = Soverload / Sconstant amplitude) and the number of spacing cycles 
between overloads. The underlying mechanisms for this retardation need to be studied to 
investigate the fatigue life effectively. At the crack tip, the elastic stress would become 
very large due to the stress concentration factor. However, in practice large stresses do 
not occur because in a ductile material this region becomes plastically deformed. This 
causes a plastic zone at the crack tip. After unloading, the remainder of material will be 
elastic. I.e., the bulk of material returns to zero strain after unloading. But, the plastic 
zone cannot return to the original size due to plastic deformation. This plastic zone will 
be squeezed back to its original size. This causes the compressive residual stress to occur 
at the crack tip. Therefore, after high peak overload, at the crack tip the compressive 
residual stress will be present. During subsequent cycling this compressive residual stress 
will have to be added to the applied stress. The crack growth accounts for this 
compressive residual stress. The crack growth rate will be slower or retarded during the 
following cyclic loading due to the compressive residual stress along the crack plane. 
Once the crack has grown through the overload plastic zone, the original crack growth 
rate will be resumed.  
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The phenomenological behavior under various load combinations needs to be studied. 
Single overload and interaction between periodic overloads induce such behavior. 
Periodic tensile overloads superposed on constant amplitude load history are studied by 
using Al-2024-T3. After each periodic overload, the crack growth rate is reduced due to 
the compressive residual stress field induced by overloads. Typically, crack closure does 
play a predominant role, but several other mechanisms also contribute to retardation such 
as residual compressive stresses ahead of the crack tip, shear lip effects, strain hardening, 
etc. The detail about crack closure is mentioned in Chapter 2. 
 
1.4 Scope of Research Work 
 
The first task will investigate the fatigue life behavior of Al-2024-T3 in a corrosive 
environment (also, different frequencies and stress ratios) with and without Corrosion-
Prevention-Compounds (CPC: LPS-3). Corrosion affects fatigue life depending on 
various factors such as stress level, frequency, stress amplitude, stress ratio and stress 
history, as well as on corrosion parameters such as the type of environment, exposure 
time and so on. An experimental matrix, with different frequencies and two stress ratios, 
taking into consideration of corrosive environment with or without Corrosion-Prevention-
Compounds (CPC: LPS-3), has been evaluated through various testing. 
 
The ways to extend the fatigue life of Al-2024-T3 by overloads has been investigated.  
The second part of the research program is to develop new techniques for fatigue life 
extension of Al-2024-T3. The loading history dependence has a profound influence on 
fatigue life. This approach needs to be assessed to investigate the total fatigue damage on 
fatigue life. It is reported that the fatigue life can be increased by periodic tensile 
overloads (Tür, et al., 1996, Tür. and Vardar, 1996). If the overload is repeated at just the 
correct intervals, there is a significant increase in the fatigue life. This correct interval 
(spacing cycles between overloads) is needed to be determined with the proper overload 
ratio. 
 
The retardation associated with the interaction between overloads controlled by the 
periodicity (spacing cycles between overloads) of the overloads is examined. The 
periodicity is varied roughly between 50 and 2000 cycles for different overload ratio. The 
objective of this part is to find out the optimum periodicity spacing cycles between 
overloads to lead to maximum fatigue life for different overload ratio. The periodic 
tensile overloads are superposed on constant amplitude load cycles in this work. A 
overload ratio of 1.7 is used in this research. The objective of this part is to investigate the 
optimum overload ratio and spacing cycles for maximum fatigue life of the test specimen. 
 
Fracture surfaces need to be scanned by Scanning Electron Microscope (SEM) to 
investigate the fatigue damage along the crack front. Some selected samples of tested 
specimens are studied using a Scanning Electron Microscope (SEM). 
 
The scope of this thesis is as follows: 
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The background of corrosion fatigue and life extension due to periodic overloads, and 
literature review is briefly mentioned in Chapter 2. Numerical work by ANSYS is 
addressed in Chapter 3. The crack growth retardation by overload is modeled by using 
ANSYS 5.7. The experimental methodology to carry out the experiments is addressed in 
Chapter 4. The results and conclusions are mentioned with some discussions in Chapter 5. 
Finally, the conclusions and recommendations for the future work are mentioned in 
Chapter 6. 
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CHAPTER 2. BACKGROUND & LITERATURE REVIEW 
 
2.1 General Introduction  
 
The background and literature review section discuss the importance of corrosion fatigue, 
variables affecting corrosion fatigue, the effects of Corrosion-Prevention-Compounds 
(CPC) on fatigue crack growth, and crack growth retardation due to single or periodic 
overload. At the end of chapter 2, various crack growth models to predict fatigue life are 
discussed. The corrosion under hostile environment affects the fatigue crack growth, in 
other words, the fatigue life. To protect from this environment, CPC is used for this thesis 
work. Relations between these mechanisms are discussed in this chapter. In actual service 
situation, overload sometimes occurs in the aerospace industry. The overload effect on 
fatigue crack growth rate is discussed as well. In this chapter, mechanisms of corrosion 
fatigue and crack growth retardation due to overloads are primarily focused on. In this 
thesis work, corrosion fatigue with or without CPC is carried out in task #1. In task #2, 
the effect of overloads on fatigue life is evaluated. 
 
2.2 Mechanisms of Corrosion Fatigue 
 
The generalized corrosion fatigue cracking mechanism involves the single or mutual 
occurrence of hydrogen-induced cracking or anodic dissolution at the crack tip. Hydrogen 
embrittlement (hydrogen-induced cracking or hydrogen-assisted cracking) can be divided 
into five types of mechanisms: 
 
1) Decohesion 
2) Pressure 
3) Adsorption 
4) Deformation 
5) Brittle hydride  
 
 Anodic dissolution can be divided into four possible mechanisms. 
 
1) Slip-dissolution 
2) Brittle film-rupture 
3) Corrosion-tunneling 
4) Selective-dissolution  
 
Both processes (dissolution and hydrogen-assisted cracking) can occur simultaneously at 
the crack tip. 
 
2.2.1 Hydrogen-Assisted Cracking 
 
In corrosion fatigue, hydrogen is generated by the reaction of environmental species such 
as gaseous hydrogen, water vapor, seawater, and so forth, with the newly cracked 
material at the crack tip. This hydrogen is absorbed at the metal surface and then 
transported by diffusion into the highly stressed region (plastic zone) at the crack tip, 
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where it causes localized damage and increases the fatigue crack growth rate. Figure 2.1 
illustrates various processes that might be involved in corrosion fatigue crack growth by 
hydrogen-assisted cracking mechanism. Several hydrogen-assisted cracking mechanisms 
have been proposed to explain how hydrogen enhances corrosion fatigue crack growth 
rates. Some of the principles are briefly discussed below. These three principles are the 
lattice decohesion mechanism, surface adsorption mechanism and hydrogen enhanced 
plasticity mechanism. 
 
These three are explained in detail below: 
(1) The lattice decohesion mechanism postulates that the hydrogen as a solute decreases 
the cohesive bonding forces between metal atoms. Crack growth occurs when the local 
tensile stress in the crack tip region exceeds the hydrogen-weakened inter-atomic 
cohesive strength. This mechanism is difficult to prove on the atomic scale. 
 
Crack tip region
Transport process
1.Gas phase transport    2. Physical adsorption
3. Dissociative chemical adsorption
4. Hydrogen entry          5. Diffusion
1 2
3
4
5
Embrittlement 
reaction
 
 
Figure 2.1 Various sequential process involved in corrosion fatigue crack growth in 
alloys exposed to aggressive environments (Gangloff and Wei, 1977). 
 
(2) The surface adsorption mechanism proposes that strongly adsorbed hydrogen at the 
surface serves to lower the surface energy of the metal needed for crack extension. If the 
classic theory of the Griffith criteria for crack propagation is adopted, it facilitates crack 
extension and increases the crack growth rate. The end results of these two mechanisms 
are the same in that the critical crack-tip drive force required for advancing the crack is 
reduced by the presence of hydrogen. 
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One of the major deficiencies in the surface adsorption mechanism is centered on the 
generally large amount of plastic deformation energy that accompanies crack growth. The 
plastic deformation energy is usually much larger than the relatively small surface energy 
(about 1000 to 1). Thus, even a large reduction in surface energy due to hydrogen 
adsorption should not markedly affect the fracture stress. Another discrepancy is that 
other environmental species, such as oxygen and nitrogen, are also strongly adsorbed to 
the clean metal surfaces and have the potential to reduce surface energy to a greater 
extent than hydrogen. Yet, neither oxygen nor nitrogen accelerates crack growth rates like 
hydrogen does. 
 
(3) Hydrogen enhanced plasticity mechanism: In contrast to previous hydrogen-assisted 
cracking mechanisms that suggest hydrogen “embrittles” the material and thus reduces 
that driving force required for crack extension, the hydrogen enhanced plasticity 
mechanism proposes that hydrogen assists the process of plastic flow by enhancing the 
dislocation mobility at the crack tip. By recognizing that the three major categories of 
fracture paths, namely micro-void coalescence, cleavage, and intergranular cracking, 
which are observed in benign environments are also produced in environmentally assisted 
cracking, it is argued that hydrogen in the lattice merely assists these fracture processes. 
 
2.2.2 Anodic Dissolution 
 
Anodic dissolution is commonly referred to as active path dissolution, slip dissolution, 
strain/stress enhanced dissolution, and surface film rupture dissolution. Crack growth 
rates are enhanced by these mechanisms along susceptible paths such as grain boundaries. 
In corrosion fatigue cracking, the anodic dissolution mechanism depends on the rupture 
of the protective film at the crack tip and the subsequent repassivation of the newly 
exposed fresh metal surface. Corrosion fatigue crack growth rates will be controlled by 
the bare surface anodic dissolution rate, the rate of repassivation, the rate of oxide film 
rupture, mass transport rate of reactant to the dissolving surface. 
 
Under fatigue loading, a slip step forms at the crack tip and ruptures the protective 
surface film. The freshly created surface reacts with the environment and partly dissolves 
until the crack tip region is completely repassivated. Then, the protective surface film is 
repaired. But, it’s difficult to apply this mechanism to corrosion fatigue in a gaseous 
environment (such as water vapor or water fog) or in distilled water where the 
electrochemical reaction necessary for dissolution at the crack tip is unattainable. Anodic 
dissolution also fails to account for several phenomenological observations, especially 
the fractographic features of materials. The brittle-like appearance of fatigue fracture 
surfaces and brittle striations are difficult to reconcile with the lateral dissolution velocity 
concept that is an integral part of the anodic dissolution mechanism description (Cullen, 
Gabetta, and Hanninen, 1985). The hydrogen assisted cracking mechanism has the 
advantage that it can account for the fractographic features in materials. But, it’s difficult 
to quantify the hydrogen effect. 
 
Another concern is that the dissolution mechanism cannot account for the frequency 
dependence of fatigue crack growth rate without invoking a strong competitive process. 
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For low load ratios (R (= Smin / Smax) ~ 0.1 to 0.2), it has been demonstrated that very 
long cyclic periods (lower frequency) produce much larger environmental effect on 
fatigue crack growth (Van Der Sluys and Emanuelson, 1985). But, for very high load 
ratios (R ~ 0.8 to 0.9), the maximum in growth rate enhancement comes at high 
frequencies, up to about 10 or 20 Hz. On its own, anodic dissolution would predict a 
continuing increase in growth rates for increasing cyclic periods. 
 
2.3 Variables Affecting Corrosion Fatigue 
 
In corrosion fatigue crack growth analysis, the mechanical driving force is normally 
characterized in terms of the fracture mechanics parameters such as the crack-tip stress 
intensity factor, K, or stress intensity factor range, ∆K (Refer to equation (1.1)). 
 
The stress intensity concept, K, of fracture mechanics which is called the stress intensity 
factor, quantifies the severity of the combination of crack length, loading, and geometry 
that exists, being expressed by where “a” is crack length, and S is nominal stress, usually 
defined based on the gross area of the uncracked member, and Y is a dimensionless 
function of geometry. Two of the following interrelated loading variables are commonly 
used for characterizing corrosion fatigue crack growth: stress intensity factor range, ∆K 
(∆K = Kmax – Kmin), where Kmax is maximum stress intensity factor; and stress ratio 
or load ratio, R (= Smin / Smax), where Smin is the minimum stress in a load cycle. The 
following factors are crucial in most investigations of corrosion fatigue. 
 
2.3.1 Range of Stress Intensity Factor (∆K) 
 
Engineering analysis of crack growth is often required and is done by using the stress 
intensity factor K. The rate of fatigue crack growth is controlled by K. Therefore, under 
constant amplitude cyclic loading, the dependence of K on crack length “a” and Y causes 
the crack to accelerate as it grows. While environmental crack growth rates increase with 
increasing ∆K, the specific dependency varies greatly. There is often a profound shift in 
the dependence of ∆K, typically producing reduced ∆K dependence in aggressive 
environments, at least in the intermediate region where power law behavior is observed. 
It is always important to examine the entire relevant ∆K regime, not assuming the 
observed enhancement at a specific ∆K (Refer to equation (1.2)). 
 
2.3.2 Effect of Fatigue Frequency 
 
Figure 2.2 shows that the environmental effect is much more pronounced at lower cyclic 
frequencies than that at higher frequencies. The fatigue crack growth rates at 0.1 Hz are 
higher than those obtained at 4 Hz at a load ratio R=0.1. The effect on growth rate per 
cycle of a given hostile environment is usually greater at slower frequencies, where the 
environment has more time to act. Fractographic examination of the fracture surfaces also 
indicated that, at lower frequencies, where the environmental effect was significant, the 
fracture path in water vapor was primarily intergranular along the prior austenite grain 
boundaries, similar to those observed in hydrogen and in water under sustained load 
conditions. At higher test frequencies, the fracture path was primarily transgranular with 
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respect to the prior austenite grains in specimens. Figure 2.2 is tested in inert argon 
environment. 
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Figure 2.2 Room-temperature fatigue crack growth kinetics of AISI 4340 steel in 
dehumidified argon and in water vapor (585 Pa) at R=0.1 (Pao and Wei, 1979) 
 
 
2.3.3 Effect of Environment 
 
Crack growth is caused by hostile chemical environment. Hostile chemical environments 
often increase fatigue crack growths, with certain combinations of material and 
environment. The term corrosion fatigue is often used when the environment involved is 
a corrosive medium, such as seawater. Even the gases and moisture in air can act as a 
hostile environment, which can be demonstrated by comparing test data in vacuum. 
 
Stress corrosion cracking, where material removal by corrosion in water, water vapor, salt 
water, or other liquid assists in growing the crack. In other cases, no corrosion is involved, 
as in cracking of steels due to hydrogen embrittlement, or cracking of aluminum alloys 
due to liquid metal embrittlement caused by mercury. As mentioned above, the 
embrittling substance appears to enhance the breaking of chemical bonds in the highly 
stressed region of the crack tip. Embrittlement and hence crack growth can occur even 
where the harmful substance is not present as an external environment. For example, it is 
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sometimes the case for hydrogen cracking of metals. Even the moisture and gases in air 
can cause environmental crack growth in some materials. 
 
The use of most engineering materials relies on the presence of a kinetic surface barrier 
(passivity) to reduce the oxidation rate to manageable proportions. When passivity is 
disturbed (e.g., by local strains in the underlying material), the reaction (oxidation) rate of 
the exposed metal is generally very high as the protective film is reformed (as 
repassivation occurs). Many environmental effects on crack growth are associated with 
the direct loss (oxidation/dissolution) of metal (known as the slip oxidation mechanism); 
deformation, absorption, and transport of hydrogen (hydrogen embrittlement). The 
maximum environmental contribution can be predicted by measuring the dissolution rate 
in a bare metal surface. Figure 2.3 shows that, compared to vacuum, the crack 
propagation rate of a high-strength steel is 4 times higher in moist air, 100 times higher in 
sodium chloride solution, and 1000 times higher in gaseous hydrogen. 
 
The important observation (Ford, 1988) is that the environment enhancement is not 
uniform, for example across the entire range of loading conditions. Environmental 
enhancement reaches a maximum under intermediate ∆K, R, and frequency conditions. 
Indeed, the environmental enhancement tends to decrease at very high loading rates (e.g., 
at high frequency and ∆K values). 
 
Other concerns for the environment include: 
1. Specimen and grip design (e.g., to avoid failure at crevices by minimizing stress 
in creviced regions). 
2. Proper design of environmental chamber (e.g., to avoid contamination). 
3. Maintenance of proper chemistry, which often requires refreshed or flowing 
systems for controlling the chemistry in gases or liquids. 
4. Proper and thorough monitoring or recording of all relevant chemical and 
electrochemical parameters. 
 
2.3.4 Effect of Stress Ratio (R) 
 
An increase in the stress-ratio, R, of the cyclic loading causes growth rates for a given ∆K 
to be larger. In general, higher stress ratios will result in higher corrosion fatigue crack 
growth rates and lower corrosion fatigue crack growth thresholds. This can be viewed as 
a mean stress effect. The effect is generally more pronounced for more brittle materials. 
In contrast, mild steel and other relatively low-strength, highly ductile, structural metals 
exhibit only a weak R effect in the intermediate growth rate region of the da/dN vs. ∆K 
curve. 
 
For example, the corrosion fatigue crack growth rates of MF-80- HSLA steel in 3.5% 
NaCl solution at R = 0.67 are about two times higher than the rates obtained at R = 0.1 at 
similar stress intensity levels (Gill and Crooker, 1990). The effect of load ratio is shown 
in Figure 2.4. 
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Figure 2.3 Room-temperature corrosion fatigue crack growth rates (effect of 
environment on fatigue crack propagation in 4130 steel with a yield strength of 1330 
MPa. Temp. 23˚C, Freq. 0.1 Hz, load ratio = 0.1: Gangloff, 1984) 
 
 
A special case of corrosion fatigue cracking is “ripple load” cracking. “Ripple loading” 
refers to a loading profile where relatively small amplitude cyclic loads are superimposed 
on a large sustained load. A typical ripple load profile is schematically shown in Figure 
2.5 where the stress ratio often exceeds R = 0.9. The significance of ripple load cracking 
is its relation to stress-corrosion cracking (SCC), where the applied load is assumed to be 
constant. However, in the real world, structures rarely experience a constant load 
condition, but are far more apt to see a combination of very small amplitude cyclic loads 
and a large constant load. A typical example is an offshore platform structure. Under 
ripple loading conditions, if a structure is designed solely based on the SCC threshold 
without considering the possibility of ripple loads, cracking or fracture may occur 
prematurely. 
 
2.3.5 Effect of Waveform 
 
While cyclic load waveform has little effect on the fatigue crack growth rates in benign 
environments, available data indicates that corrosion fatigue crack growth rates in 
aggressive environments is highly dependent on the shape of the cyclic load waveform. 
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Corrosion fatigue crack growth rates in a 3% NaCl solution under both square and 
negative saw-tooth waveforms, which have very short rising load periods, are identical 
and are equal to the fatigue crack growth rates in ambient air. However, the corrosion 
fatigue crack growth rates of 15Ni-5Cr-3Mo steel in 3% NaCl solution under sinusoidal, 
triangular, and positive saw-tooth waveforms, which all have long rising load periods, are 
about three times higher than the fatigue crack growth rates under square and negative 
saw-tooth waveforms in the same 3% NaCl environment and in air (Rolfe and Barsom, 
1977). The longer the load rise time during each load cycle, the greater the influence of 
an aggressive environment. In case of the square cyclic waveform that has a very short 
rising load period, the aggressive environment has little effect on the fatigue crack growth 
rates. Generally, a sine or sawtooth shape waveform is used during a fatigue test. Both 
waveforms generate similar data at room temperature. In this thesis work, sine 
waveforms are used, because sine waveforms are easier for the MTS 810 testing machine 
(servo-hydraulic-system) which was used in this study to control. Sawtooth should be 
used when elevated-temperature fatigue crack growth and creep-fatigue interactions are 
of interest. 
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Figure 2.4 Effect of load ratio on the corrosion fatigue crack growth rates of MF-80-
HSLA steel in 3.5% NaCl solution (Pao, 1996) 
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Figure 2.5 Ripple load profile (Pao, 1996) 
 
 
2.3.6 Effect of Temperature 
 
Temperature may influence the environment/metal surface reactions. Temperature is 
expected to affect corrosion fatigue crack growth rates. In general, corrosion fatigue 
crack growth rates increase with increasing temperature. In this study, the effect of 
temperature on fatigue crack growth is disregarded and all tests are carried out at constant 
room temperature. 
 
2.3.7 Metallurgical Variables 
 
Microstructure and alloy strength influence fatigue crack propagation in embrittling gases 
and liquids. In general, brittle corrosion fatigue cracking is accentuated by impurity (e.g., 
phosphorus or sulfur) segregation at grain boundaries 
 
1. Planar deformation associated with ordering or peak aged coherent precipitates 
2. Increased yield strength or hardness 
3. Surface treatment 
 
The effects of alloy composition, grain size, and microstructure vary with environment 
and brittle cracking mechanism. Laboratory experiments are necessary to establish 
specific trends. Machining and surface treatments such as shot peening can significantly 
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affect cracking. Shot peening and related treatments that produce surface compressive 
stresses are beneficial on the crack growth rate. 
 
2.3.8 Crack Closure Effects 
 
Premature crack surface contact during unloading, or “crack closure,” can greatly reduce 
rates of fatigue crack propagation. The true (or effective) crack tip driving force is 
reduced below the applied ∆K because of the reduced crack tip displacement range. 
Closure phenomena are produced by a variety of mechanisms and are particularly 
relevant to fatigue crack propagation in the near-threshold regime, after large load 
excursions, or for corrosive environments. The engineering significance of beneficial 
crack closure influences depends on the stability of the corrosion product during complex 
tension-compression loading and fluid conditions. Oxides form on crack surfaces through 
a fretting mechanism during cycling in air. Crack growth rates are reduced by oxide-
induced closure. Thus, crack growth at low frequencies may be increased by hydrogen (or 
chemical) embrittlement but be decreased from increased oxide formation and closure. 
 
2.3.9 General Comments about Corrosion Fatigue Crack Growth 
 
Corrosion fatigue is a function of the chemistry of the environment or material system, 
the microstructure, and the applied loading conditions. Because environmental 
susceptibility is a complex phenomenon occurring at the atom/molecular level, it is 
difficult to predict or verify using specific models or tests. For the present, it is necessary 
to characterize materials using appropriate real time loading profiles in the service 
environment to ensure adequate service lives. It has long been known that the applied 
cyclic amplitude (∆K) can be attenuated at the crack tip by crack closure, which can be 
attributed to a variety of phenomena that promote premature contact of the crack flanks, 
including fracture surface roughness, oxide growth on the walls of the crack, plasticity or 
phase transformation in the crack wake. The significance of crack closure is large, 
making it difficult to determine a “real” stress intensity range ∆K at the crack tip. In 
many engineering systems, cracks are observed to grow at stress intensities dramatically 
lower than the observed KI in laboratory data. There is also increasing awareness that 
there is a subtle, delicate, and complex interdependence between sustained strain at the 
crack tip (which locally disrupts passivity) and the crack advance process itself. 
 
So far, fully integrated approaches to mechanistic understanding and life prediction of 
environmentally assisted cracking are being developed for a variety of systems and some 
of the interesting work are presented in the Proc. Life Prediction of Structures Subject to 
Environmental Degradation, 1996 & Proc. Int. Symp. on Plane Aging and Life Prediction 
of Corrodible Structures, 1995. 
 
2.4 Effect of Corrosion-Prevention-Compounds (CPC) on Fatigue Crack Growth 
 
Crack growth data generated under constant amplitude fatigue loading of center pre-crack 
tension specimens at various stress ratios, frequencies and exposure levels are employed 
to study the influence of Corrosion-Prevention-Compounds (CPC: LPS-3 Heavy duty 
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corrosion inhibitor) on fatigue life under corrosive environments (water-vapor). The 
product description of LPS-3 is mentioned in chapter 4.9. 
 
It has generally been assumed that if a structure is fully protected against corrosion it will 
maintain the same fatigue life as it would have if there were no corrosive environment 
present. Specimens treated with Corrosion-Prevention-Compounds (CPC) have been 
found to exhibit crack growth rates and fatigue lives in distilled water and acidic 
environment similar to those of specimens tested in ambient air environment (Bellinger, 
1994 & Komorowski, 1993). 
 
2.5 Fatigue Crack Growth under Overloads or Variable-Amplitude Loading 
 
The observation of cycle-by-cycle crack extension has simulated various prediction 
models on fatigue crack growth. It is a basic concept for models on crack growth under 
variable amplitude (VA) loading. Another important concept used in these models is 
crack closure. Plasticity-induced crack closure was discovered by Elber (Elber, 1971). It 
implies that fatigue cracks can be fully or partly closed while the material is still under 
tension. It occurs as a consequence of plastic deformation left in the wake of the crack 
along the crack flanks. The plastic deformation remains from crack-tip plasticity of 
previous load cycles. As long as the crack tip is still closed, there is no stress singularity 
at the physical crack tip. 
 
To quantify this crack closure, the crack opening stress level Sop should be introduced. 
During cycling, the crack opening stress level, Sop, can be between Smin and Smax. The 
crack tip is fully open if S > Sop. Elber defined an effective stress range ∆Seff  = Smax - Sop, 
and similarly an effective value by: 
 
aY SK effeff πβ ∆∆ =                                                                                                                  (2.1) 
  
Where β is the geometry correction factor. According to Elber: 
 
)( RUKK eff =∆∆                                                                               (2.2) 
 
where U(R) is a function of the stress ratio Smin / Smax.. Several U(R) relations have been 
proposed in the literature (Kumar, 1992). They conclude empirical U(R) relations could 
describe the effect of the R-ratio in crack growth under constant amplitude loading by 
using ∆Keff.. Plasticity-induced crack closure significantly contributed to our 
understanding fatigue crack growth under variable amplitude loading. 
 
2.5.1 Fatigue Phenomena in Metallic Materials 
 
Fatigue cracks generally start at the material surface. Micro-crack initiation is a surface 
phenomenon. So, the micro-crack initiation life primarily depends on the surface 
conditions of the material. It thus can be sensitive if the surface conditions do not 
represent a constant surface quality. Generally, micro-cracking depends on the 
microstructure, crystallography, crystal lattice orientation (texture) and the grain size and  
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Table 2.1 Types of variable-amplitude tests and main variables 
 
Type of test Main variables 
Single Overload (OL) Simple test: 
Constant amplitude with overload Repeated Overloads 
2 blocks, Hi-Lo and Lo-Hi sequence Block tests 
Repeated blocks 
Sequence of amplitude Moderate complexity  
Program tests Size of period of blocks 
Complex tests 
Random load test 
Irregularity loads 
Service simulation test Variable of service load history 
 
so on. As a result, crack nucleation and the micro-crack growth cannot be expected for 
different materials. But, the macro-crack growth depends on the crack-growth resistance 
of the material, which then is considered to be a bulk property of the material. Continued 
crack growth occurs away from the material surface; it does not depend on the material 
surface quality. Actually, the applicability of fracture mechanics to small micro-cracks is 
questionable, but it can be a useful tool for describing macro-crack growth. In this thesis, 
fatigue cracks are referred to as macro-cracks if crack growth has become a regular 
growth process along the entire crack front. They are not necessarily visible cracks. 
 
2.5.2 Variable Amplitude (VA) Load Sequences 
 
The increased complexity of load histories applied in VA fatigue tests became possible by 
the development of modern fatigue machines (closed-loop computerized load control). In 
general, such a test by fatigue machine cannot be considered a realistic simulation of a 
service load history. Many loads in service have a random character, although there are 
different types of randomness. In tests on other types of structures, it is now recognized 
that a realistic simulation of the service load sequence is essential to obtain a similar 
fatigue damage accumulation. Actually, there are many inherent problems to simulate the 
real service load history. A well-known and easily recognized problem of service 
simulation fatigue tests is that they must be completed in a limited time period. As a 
consequence, the service simulation fatigue test is an accelerated fatigue test. If there are 
time-dependent effects in fatigue, a problem arises. The classical one is fatigue in a 
corrosive environment. This obviously applies to welded offshore structures in salt water. 
It now can be questioned whether such accelerated tests can still give reliable information. 
The time scale has been considerably modified. Time-dependent significantly affects (and 
thus frequency-dependent effects) on fatigue crack extension. The compression of the 
time scale should have an influence on the test result. For fatigue of aluminum alloys in 
air and in other gaseous environments the water vapor content has a significant influence 
on fatigue (Hartman, 1965, & Bradshaw and Wheeler, 1969, & Broek, 1972). 
 
Under normal humidity, cyclic loads with frequencies of about 10 Hz and lower give the 
same maximum environmental contribution to fatigue crack growth. Flight simulation 
tests have been carried out on 2024-T3 and 7075-T6 sheet specimens with test 
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frequencies of 10 Hz, 1Hz, and 0.1 Hz (Schijve, 1972). The results have confirmed that 
the same crack growth rates are found for the three frequencies. This limited 
experimental verification indicates that time-dependent effects may not be significant, 
because under both low- and high-frequency load histories, there is sufficient time for the 
same environmental damage contribution to crack growth. However, the situation can be 
quite different for other materials and other environments. As an example, for fatigue of 
steel in salt water, a systematic frequency effect was clearly observed long ago (Endo and 
Miyao, 1958). A detrimental saltwater effect has also been found in random-load 
frequency tests on steel for offshore structures tested under a sea wave spectrum 
(Heywood, 1956). 
 
2.5.3 Crack Growth Retardation due to Overloads (OL) 
 
Most structures like airplanes and bridges experience some form of variable amplitude 
loading. One high peak stress can also occur during variable amplitude loading. This 
stress is called overload. The residual stress induced by overload has a beneficial effect 
on crack growth rate. Generally, residual stress can be produced mechanically by shot 
peening, hammer peening, or overloads. 
 
Fatigue crack usually grows through the material in load cycle. Crack growth is the 
geometrical consequence of sharpening and crack tip blunting. In theoretical calculation 
for fatigue crack growth, it is assumed that crack grows “∆a” per cycle. During cyclic 
loading, the crack length increases at a constant rate. There are other parameters such as 
the corrosive environments, frequency, metallurgical variables, loading conditions and so 
on. However, this growth rate per cyclic loading is generally a function of two parameters, 
stress ratio (R) and stress range (∆σ). In real structures, high peak stress can be produced 
within the material. For example, the wing of the airplane experiences the high peak load 
due to a sudden gust or wind. So, crack growth analysis for variable amplitude loading is 
not possible without an account of retardation effects. The crack growth rate can be 
reduced after proper overloads. Theoretically, at the crack tip, the elastic stress would 
become very large due to the stress concentration factor. However, in practice, large 
stresses do not occur because in a ductile material this region becomes plastically 
deformed. This causes a plastic zone to occur near the crack tip. After unloading, the 
remainder of the material will be elastic. So, the bulk of material return to zero strain 
after unloading. But, the plastic zone cannot return to the original size. This plastic zone 
will be squeezed back to its original size. This causes the compressive residual stress to 
occur at the crack tip. 
 
Thus, after high peak overload, at the crack tip the larger plastic zone will be formed. A 
more extensive residual stress will be present at the crack tip. During the subsequent 
cycling this compressive residual stress will have to be added to the applied stress. The 
crack growth rate response accounts for this compressive residual stress. The crack 
growth rate will be slower or retarded during the following cyclic loading due to the 
compressive residual stress along the crack plane. Once the crack has grown through the 
overload plastic zone, the original crack growth rate will be resumed. The size of plastic 
zone for plane stress (Figure 2.6) can be found by the following equation (Irwin, 1960). 
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After each periodic overload, the crack growth rate was reduced due to the compressive 
residual stress field induced by overload. This beneficial residual stress effect on crack 
growth is called crack growth retardation. If the overload is repeated at just the correct 
intervals, there is a significant increase in the figure life. So, the fatigue life can be 
extended mechanically by overloads. More than half a dozen models have been proposed 
in order to explain the retardation. The Wheeler model (Wheeler, 1972) is widely used. 
For constant amplitude fatigue, the Wheeler model works well. After second overload, 
the plastic zone was increased further. This second overload will reduce the crack growth 
rate again. Overload ratio is the ratio of overload amplitude to constant cyclic amplitude. 
The crack growth retardation varied a lot depending on the value of overload ratio. 
Sometimes, the crack growth rate stops if the overload ratio is 2 (David, 1988). 
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Figure 2.6 Plastic zone size for plane stress (Irwin, 1960) 
 
The overload cycle starting with the minimum peak, followed by the maximum peak 
(−/+) OL cycle caused a very large retardation of the fatigue crack growth. The maximum 
peak load caused a large plastic zone at the crack tip, which left compressive residual 
stresses in this zone. That will retard subsequent crack growth when the crack grows 
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through this zone. The explanation can also be formulated in terms of the plasticity 
induced crack closure phenomenon (Elber, 1970). Due to the plastic deformation of the 
OL, more crack closure will occur after the OL has been applied. The Sop (stress when 
crack opens) is increased and ∆Seff = Smax – Sop is reduced. Some elementary tests on 
crack closure before and after an OL have been carried out (Schijve, 1976). The 
schematic test is shown in Figure 2.7. The delay caused by the OL can easily be observed 
from the crack growth curve. The crack closure measurements carried out before the 
application of the OL indicated Sop ~ 62 MPa. Directly after the OL the Sop level was 
reduced to about 45 MPa. Because the OL opens the crack by crack-tip plasticity, such a 
trend should be expected. Crack closure measurements made after the OL application 
indicated Sop values above Smin of the CA cycles. However, Sop decreased later below Smin. 
At the moment that Sop = Smin, the crack growth delay had finished. This should also be 
expected because crack closure no longer occurred during the CA cycles at R = 0.67. 
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Figure 2.7 Crack growth delay after an overload and the influence on Sop in 2024-T3 
sheet (Schijve, 1976) 
 
Crack growth retardation after an OL is generally related to the size of the plastic zone, 
because crack closure results from the crack tip plasticity induced by the OL. 
Unfortunately, the size of the plastic zone is different for plane strain and for plane stress. 
In a thin sheet the state of stress at the crack tip is predominantly plane stress, whereas in 
a thick plate it is predominantly plane strain. It then should be expected that the 
retardation effects are different for fatigue cracks in thin sheets and thick plates. This is 
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confirmed by the results of Mills and Hertzberg (Mills and Hertzberg, 1975). Crack 
growth delay period can be defined in a simple way. The delay period is larger for thinner 
materials (larger plastic zone) and the delay period increases at higher stress intensities 
(also lager plastic zone). Both trends agree with the effect of the plastic zone size on 
crack growth delay. 
 
The 2024-T3 aluminum alloy has a relatively low yield stress (i.e., S0.2 = 377 MPa, as 
compared to S0.2 = 473 MPa for the 7075-T6 material). As a consequence, the crack-tip 
plastic zone sizes were considerably larger in the 2024-T3 sheet specimens than in the 
7075-T6 specimens. That explains the larger retardation effect observed in the 2024-T3 
experiments. In the 7075-T6 specimens, the plastic zones were smaller and so the 
retardation effects were less significant (Schijve, Vlutters, Ichsan, and ProvoKluit, 1985). 
An increased thickness leads to more plane strain at the crack front, and so to smaller 
plastic zones and less crack growth retardation, thus, the crack growth lives are smaller. 
The life for the thin sheet material was about 10 times longer than for the thick plate 
material. 
 
2.5.4 Periodic Overloads & Delayed Retardation 
 
It has also been observed that more overload cycles give a larger delay for a carbon steel 
(Dahl and Roth, 1979). The test results show that the delay period is larger for higher 
overloads. However, it is noteworthy that larger numbers of OL cycles increased the 
crack growth delay period. The latter trend may be explained by considering that crack 
extension occurs during the OL cycles. More OL cycles then will leave more plastic 
deformation in the wake of the crack, behind the crack tip (Elber, 1970, & Elber, 1971). 
 
A related problem was investigated by Mills and Hertzberg (Mills and Hertzberg, 1976). 
They considered the effect of two OL cycles in constant-∆K tests, with a certain number 
of cycles (spacing cycles) between the two overloads as a variable (Figure 2.8). The 
second OL cycle can be applied at the moment that the crack growth retardation of the 
first one is still effective. The results indicate that the delay of second OL cycle is 
dependent on the interval between the two overloads. According to Mills and Hertzberg, 
the maximum interaction between the two single overloads is obtained when the crack 
growth increment between the overloads is about 25% of the plastic zone of the first OL. 
 
The multiple OL effect has recently been confirmed by Tür and Vardar (Tür and Vardar, 
1996). They applied periodic overloads in constant amplitude load tests, with the number 
of periodicity spacing cycles between the overloads as a variable. Initially the retardation 
increased for increasing number of periodicity spacing cycles, but for a larger number of 
spacing cycles it decreased again. In other words, the retardation interactions associated 
with periodic overloads controlled by the periodicity spacing cycles between overloads 
was examined. The maximum interaction, and thus the maximum fatigue life, is observed 
when overload spacing is around half of the delay cycles (Nd) of single overload 
application. It is reported by, Tür and Vardar, 1996 that the maximum fatigue life at 
overload ratio = 1.65 has occurred every 5000 spacing cycles, for overload ratio = 1.3 the 
longest fatigue life occurred every 600 spacing cycles. Generally, retardation increases as 
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periodicity is increased until a peak is reached, followed by a decrease in retardation 
afterwards. 
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Figure 2.8 Crack growth delay after two overloads cycles as affected by the number 
of cycles between the overloads (Mills and Hertzberg, 1976) 
 
The fatigue lives for various overloads ratios are studied by Newman, 1997. The longest 
fatigue life occurred at overload ratio of 2. When the overload ratio reached 3.75, the 
specimen failed on the first application of overload. When overloads are applied 
periodically, interaction between overloads becomes possible and retardation is enhanced. 
Certainly, too closely spaced overloads lead to acceleration rather than retardation; but 
there is a large range in between where the best retardation occurs. The enhanced 
retardation due to overloads interactions is well documented, but a systematic study of 
the periodicity spacing cycle has not been well studied. The fatigue lives for overload 
ratio of 1.7 and also, for various spacing cycles between overloads (from 20 to 5000 
cycles) is investigated in this study. 
 
The spacing between overloads can be stated in terms of crack length as well. In fact, 
most studies use “∆a” as the measure of spacing between overloads since retarded crack 
growth is compared with the plastic zone size at the crack tip. The “∆a” between 
overloads is normalized by plastic zone size of the overload (2ryOL = 1/3π(KOL/Sy)2). The 
trend is the same which is at ∆a = 0.2(2ryOL) for constant load control test. It means that 
the maximum retardation occurs at the same ∆a / 2ryOL  = 0.2 independent of the overload 
ratio applied. So, the overload induced plastic zone governs the retardation behavior. This 
maximum retardation occurring at ∆a = 0.2 * (overload induced plane strain plastic zone 
size) for 2024-T3 is reported in the literature, Tür and Vardar, 1996. De Koning (De 
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Koning and Dougherty, 1981) has introduced the terms primary plastic deformation and 
secondary plastic deformation. Primary plastic deformation occurs at the crack tip if 
plastic deformation penetrates into elastic material that has not been plastically deformed 
by previous load cycles. Secondary plastic deformation refers to crack-tip plasticity that 
remains inside a primary plastic zone. More recently, De Koning and Dougherty (De 
Koning and Dougherty, 1989) have proposed that crack extension during primary plastic 
deformation is much more effective than during secondary plastic deformation. The first 
peak load caused a good deal of primary plastic deformation. The second one gave a 
much smaller contribution of primary plastic deformation, due to the primary plastic zone 
of the first high load. Similar confirmation was obtained by considering striation spaces 
in fatigue tests, as discussed in reference (Schijve, 1992). The corresponding plastic 
zones for this case are schematically indicated in Figure 2.9. 
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Figure 2.9 Plastic zones in crack growth test with overload cycles (Schijve, 1992) 
 
2.5.5 Crack Closure & Residual Stress in Crack-tip Plastic Zone 
 
Dahl and Roth (Dahl and Roth, 1979) have raised the question whether crack growth 
delay after an overload is due only to crack closure, or whether there is also an effect of 
the residual compressive stress in the plastic zone of the crack tip. Interesting 
experiments were carried out in 1970 by Blazewicz (Schijve, 1979). It simply suggests 
that the crack growth retardation should be explained by crack closure only. The 
efficiency of creating a crack length increment (∆a) depends on the plasticity right at the 
crack tip, not on residual stresses ahead of the crack tip. The residual stress in the crack-
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tip plastic zone can have an indirect effect on the cyclic plasticity at the crack tip, but 
opening the crack tip is the decisive mechanism to have crack extension. 
 
At the surface of a material the crack tip is loaded under plane-stress conditions. 
Depending on the material thickness, the state of stress at mid-thickness approached 
plane-strain conditions. The plastic zone size under plane stress is significantly larger 
than under plane strain. It thus should be expected that crack closure will be more 
significant near the material surface and will occur to a lesser degree at mid-thickness. 
The large crack growth retardations induced by overload cycles are a prominent 
illustration of interaction effects. Interaction effects imply that fatigue damage 
accumulation in a certain load cycle is affected by fatigue in the preceding load cycles of 
a different magnitude. In other words, a fatigue cycle will affect damage accumulation in 
subsequent load cycles. 
 
2.5.6 Results of Simple Variable Amplitude Fatigue Test 
 
Overloads that lead to more favorable residual stresses can extend the fatigue life 
considerably. These effects are demonstrated in many investigations, and surveyed in 
reference (Schijve, 1985). Unfortunately, the life enhancement of such loads may give  
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Figure 2.10 Comparison between fatigue crack growth under random loading and 
different types of program loading in 2024-T3. t (thickness) =2 mm; a (half crack 
length) =12~50 mm (Schijve, 1973) 
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unconservative fatigue life results. An illustrative test program was carried out on fatigue 
crack growth in 2024-T3 sheet material in Figure 2.10 (Schijve, 1973). The load 
spectrum used was a gust load spectrum of 40,000 cycles with seven different amplitudes. 
 
Two random sequences were applied with full cycles, and the difference between the 
crack growth lives was rather small. In the program tests with the full spectrum in one 
period (40,000 cycles), the results indicate two remarkable trends: (a) there was a 
systematic sequence effect with the longer crack growth life for the Hi-Lo sequence. (b) 
the crack growth lives were considerably longer than for the random sequence (i.e., about 
three times longer than for the Lo-Hi-Lo sequence). This is an unconservative result. 
Fractographic observations indicated that the fracture surfaces of the specimens tested in 
programmed sequences were rougher than those of specimens tested in random 
sequences. This test shows that a load spectrum with a random load sequence in service 
should not be simulated by a programmed sequence with a long period. The programmed 
sequence is an artificial simulation that cannot be accepted as a simplification. Another 
specific study was conducted by Newman Jr., Dawicke, 1989. A brief description of load 
type and results is given here in Table 2.2. 
 
Load type 1: Single spike overload repeated every 50 cycles. 
             2: Single spike overload repeated every 100 cycles. 
             3: Five spike overloads repeated every 50 cycles. 
             4: Five spike overloads repeated every 100 cycles. 
            5: Single overload-underload cycle repeated every 39 cycles 
            6: Single underload-overload cycle repeated every 39 cycles 
 
Table 2.2 A brief description of load type (Newman Jr. and Dawicke, 1989) 
 
Closure model (α = constraint factor) Load type Test life cycles α = 1.7 α = 1.9 
1 474,240 1.4 1.10 
2 637,730 1.19 0.97 
3 251,210 1.36 1.19 
4 409,620 1.28 1.09 
5 179,320 1.03 0.95 
6 251,050 0.78 0.68 
 
The plane-stress condition is with constraint factor (α = 1), and plane-strain condition 
with α = 3. The opening stresses during the constant-amplitude loading for load type 3, 4 
(five overloads) were slightly higher than those for load type 1, 2 (single overload). These 
results show that the closure model predicts more delay in crack growth during the 
constant-amplitude portion for larger number of overloads. This is because five overloads 
cause a larger zone of residual plastic deformation to remain along the crack surfaces 
than a single overload. However, the five overloads are more damaging to crack growth 
than the single overload. Thus, the overall life for load type 3, 4 was shorter than that for 
load type 1, 2. Also, the opening stresses after the overload-underload were lower for 
load type 5 than those for load type 6 where the overload and underload were reversed. 
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Thus, the underload eliminated some of the plastic deformations that were caused during 
the overload. More details can be found in Newman Jr. and Dawicke, 1989. The 
following specific observations on fatigue crack growth under VA loading are listed in 
Table 2.3. 
 
Table 2.3 Specific interaction phenomena during crack growth under variable-
amplitude loading 
 
Observation Related aspects 
1. Crack growth retardation or acceleration 
after overloads 
-Delayed retardation 
 
2. Plane strain/plane stress transition -Effect of thickness 
-Differences between crack closure at the 
material surface and at mid-thickness 
3. Multiple overload effect -Initial decreasing growth rate if a crack 
starts from a notch 
4. Incompatible crack front orientation -Tongue-shaped crack extension during 
high loads 
-Accelerated crack growth in mode I 
 
2.6 Fatigue Damage Evaluation and Models to Predict Fatigue Life 
 
For the fatigue life estimates under constant amplitude loading, the fatigue life was 
represented by the P.C. Paris equation (Paris, 1964). In addition to design applications, 
analysis of crack growth life is also useful in situations where an unexpected crack has 
been found in a component of a machine, vehicle, or structure. The remaining life can be 
calculated to determine whether the crack may be ignored, or whether repair or 
replacement is needed immediately. 
 
In general, prediction models published in the literature employed basic material fatigue 
data as a reference. Such data can be fatigue limits, S-N data, fatigue diagrams, crack 
growth data, and the fracture toughness for final failure. The data are supposed to be 
characteristic fatigue properties of a material, characterizing the fatigue resistance or the 
fatigue crack growth resistance. These data are used as the material data to predict the 
fatigue under VA load histories. 
 
Fracture mechanics offers an attractive way for fatigue life prediction, if fatigue crack 
growth in metal can be characterized by a simple function, such as the commonly used 
Paris’ Law. This approach works well, if a relatively long fatigue crack has been formed 
and regular cyclic stresses are involved. The fatigue crack growth is severely affected by 
overloads or low cycle fatigue proceeding high cycle fatigue (Newman Jr., 1997 & Tür. 
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Yahya, 1996). Another concern with long crack measurements is that fatigue crack 
growth characterized by Paris’ Law only accounts for a certain fraction (50 to 90%) of 
total fatigue life. The crack initiation life could be as high as 10 to 50% of total life. The 
problem of metal fatigue life prediction cannot be solved if the influence of complex 
loading history on short cracks or fatigue crack initiations is not well understood. 
 
Prediction models in principle adopt a similarity approach (also called similitude): similar 
stress cycles or similar strain cycles should give the same fatigue damage. Also, similar 
∆Keff cycles should give similar crack length increments. This approach implies that 
fatigue data for most simple conditions are extrapolated to more realistic engineering 
conditions. But, the extrapolation steps can be quite large. As a consequence, prediction 
models require empirical verifications. However, to judge the reliability of model, a 
physical understanding of a model is essential. Because problems involved with crack 
initiation and crack growth are different, models will be discussed in two categories: 
models for the crack initiation period and models for fatigue crack growth. In this project, 
models for the fatigue crack growth are discussed. 
 
Observations on crack growth retardation after overloads and the occurrence of crack 
closure have stimulated the development of several prediction models in crack growth 
under variable amplitude loading. Most literature sources on prediction models give 
verification test data of crack growth in aluminum alloy sheet, mainly because variable 
amplitude loading and fatigue crack growth are important for aircraft structures. 
Acceleration and retardation must also both be considered.  Inspections for cracks can be 
done by a variety of means, including visual examination, x-ray photography, reflection 
of ultrasonic waves, and application of electric currents. 
 
2.6.1 Crack Growth Models to Predict Fatigue Life 
 
Consider a growing crack that increases its length by an amount “∆a” due to the 
application of a number of cycle ∆N. The rate of growth with cycles can be characterized 
by the ratio ∆a/∆N, or for small intervals, by the derivative da/dN. If the applied loading 
is constant, the corresponding gross section nominal stresses Smax and Smin are also 
constant. For fatigue crack growth, the stress range ∆S is defined as Smax - Smin.  The 
primary variable affecting the crack growth rate is the range of the stress intensity factor. 
This is calculated from the stress range ∆S. The equation is given in [2.2]. The value of Y 
depends only on the geometry and the relative crack length (a/b), where “b” is a width 
dimension of the specimen. In this thesis work, Paris’ and Walker’s equations are used to 
consider the effect of stress ratio R. However, the effect of frequency is not considered 
when predicting the fatigue life. 
 
a) Paris’ equation 
 
For a given material, the crack growth behavior can be described by the relation between 
cyclic crack growth rate da/dN and stress intensity range ∆K. The relationship 
representing this crack growth behavior is given by Paris’ equation (Paris, 1964). 
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where C is a constant and m is the slope on the log-log plot (da/dN vs.  ∆K). 
 
b) Walker equation  
 
The above equation doesn’t consider the effect of the stress ratio R. For characterizing the 
effect of R on da/dN vs. ∆K curves, the Walker’s relationship (1970s) is used. 
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where γ is a constant for the material. Constants C and m for equation (2.5) are thus  
 
)1( )1(1
1
R m
CC − −= γ
             m = m1                                                                       (2.6) 
 
Hence, constant C is predicted to be a function of R, but the slope m is unaffected by R. 
Constants for the Paris, and Walker equations are given for several materials in Dowling, 
1993. The crack growth rate exponent m is higher for brittle materials. For ductile metals, 
m is typically in the range 2 to 4. 
 
A variety of mathematical expressions have been proposed to represent da/dN vs. ∆K 
curves. Some of them are quite complex. Sometimes, as many as ten empirical constants 
may be required to accurately represent the behavior of a given material. Some of these 
are not merely empirical, but are based on attempts to include modeling of plasticity 
induced crack closure of the crack, and other physical phenomena (effect of retardation) 
that affect crack growth. For example, Forman-Metu (NASGRO 1992) equation is one of 
the latest. It considers the effect of crack closure and retardation. 
 
2.6.2 Life Estimates for Constant Amplitude Loading 
 
As mentioned in Chapter 1, from the crack growth rate da/dN the fatigue life can be 
calculated by numerical integration. To perform the integration for a particular case, it is 
necessary to substitute the specific da/dN equation for the material and R of interest, and 
also the specific equation for ∆K for the geometry of interest. Some useful closed form 
solutions exist, but numerical integration is necessary in many cases. 
 
Consider a situation where the crack growth rate is given by Paris’ equation and where Y 
= Y (a / b) is constant, or can be approximated as constant, over the range of crack length 
ai to af. The value of C used can include the effect of the Stress ratio R, as from the 
Walker approach using equation (2.6). Assume that Smax and Smin are constant, so that ∆S 
and R are also both constant. Therefore, C, F, ∆S, R, and m are all constant. The only 
variable is a, and integration can be expressed by 
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If m = 2, this equation (2.7) is mathematically indeterminate. 
 
Other crack growth rate equations can be obtained by the same method. In using the 
above equation to estimate the crack growth life, the final crack length af equation (2.8) is 
often unknown and should be determined before the equation (2.7) is applied. It is also 
necessary to determine Yf  = Y (af / b), so that it can be confirmed that this value does not 
differ excessively form Yi  = Y (ai / b). If Yf and Yi differ by more than about 10 to 15%, 
the resulting error in Nf due to using a constant value will be very large. In that case, 
numerical integration is then usually needed.  Under constant amplitude cyclic loading, 
the value Kmax corresponding to Smax increases as crack grows. When Kmax reaches the 
fracture toughness Kc, for the material and thickness of interest, failure is expected at the 
length af that is critical for the failure. 
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Since, Y varies as crack grows, an iterative solution is needed to obtain af. 
 
This above closed form of equation (2.7) is for the crack propagation life. It doesn’t 
include the crack initiation life. Actually, the fatigue life results from this thesis work 
include both the crack initiation life and crack growth life until failure. Therefore, the 
results from this work need to be divided into two parts (fatigue crack initiation life and 
fatigue crack growth life).  But, the transition from crack initiation to crack growth is not 
clear. In this thesis work, the total fatigue life is used instead of crack growth life. As 
crack accelerates during their growth, most cycles are exhausted while the crack is short, 
and few cycles are spent while the crack is near its final length. 
 
2.7 Summary and Gaps in the Knowledge 
 
The critical point in this work is the investigation of the effect of Corrosion-Prevention-
Compounds on fatigue life of center pre-crack specimen (middle tension specimen) Al- 
2024-T3 with or without water vapor. Unfortunately, limited laboratory or field research 
has been undertaken to investigate the effect of the usage of CPC with center pre-crack 
specimen. Most research has been done to investigate the fatigue behavior of bolted joints, 
or double lap joints to see the effect of CPC on fatigue life. When aircrafts are operated in 
real service, a crack whether it is small or large is existent in the material or on the 
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material in a corrosive environment such as salt fog, or water vapor. An obvious method 
for preventing corrosion is to exclude the environment from the metal surface. 
 
The CPCs are inexpensive and easily applied, and widely used throughout the aircraft 
industry. Therefore, in this thesis work, center per-crack specimen is used to investigate 
the effect of CPC on fatigue life in water vapor environment. Generally, the CPC 
provides significant corrosion protection for aluminum alloys. The corrosion protection 
performance of the CPC depends on the type of the test environment. In this thesis, the 
water vapor is considered as a corrosive environment. 
 
In the past, most work didn’t consider the effect of stress ratio and frequency. In this 
thesis work, task #1 tests are run with CPC considering the effect of different stress ratio 
and frequency. The actual mechanisms of corrosion fatigue with CPC is still unclear, 
obviously more work is required with a center pre-crack specimen in a corrosive 
environment. In the second part of this thesis work, tests are run to measure the effect of 
periodic overloads on fatigue life of aluminum alloy 2024-T3. Much is available in the 
literature in the case of single overloads and their effect on the crack growth retardation. 
Interactions between periodic overloads need to be determined to increase the fatigue life 
of test specimen. Therefore, it is important to control the spacing cycles between 
overloads and overload ratio to achieve the maximum fatigue life of aluminum alloy 
2024-T3. In this work, the spacing cycles is controlled approximately from 50 to 4000 
cycles to find out the optimum spacing cycle between overloads to achieve the maximum 
fatigue life. At this optimum number of spacing cycle, the interactions between overloads 
become the maximum, in other words, the crack growth retardation due to overloads 
becomes maximum. Therefore, the maximum fatigue life should be achieved at this 
optimum spacing cycle. Experimental methods for corrosion fatigue and periodic 
overloads are addressed in chapter 4. 
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CHAPTER 3. NUMERICAL ANALYSIS 
 
3.1 Scope of Numerical Work 
 
This thesis work includes numerical analysis to simulate the crack growth retardation due 
to periodic overloads induced residual stress field at the crack tip and to calculate the 
stress intensity factor for the plane strain and plane stress cases at different applied 
loading conditions for 2-D & 3-D modeling. The first part of the numerical analysis 
provides a significant insight to understand the mechanism of overload induced residual 
stress field in spite of its limitation. In further work, cyclic strain hardening, node release 
method, fracture criteria and non-linear material behavior should be considered in the 
future work. 
 
In this work, the crack tip displacement is recorded as the crack growth length. Instead of 
the real crack growth modeling, elastic strain and plastic strain are recorded at the crack 
tip. In second part of the numerical work, modeling crack region and calculating the 
fracture parameter (stress intensity factor: KI) are focused on. The most important region 
in modeling the fracture region is the region around the crack. The singularity at the crack 
tip should be picked up when modeling the crack. The PREP7 KSCON command, which 
assigns element division sizes around a key-point, is used in a 2-D model to create 2-D 
crack tip elements with nodal singularity. This command removes the nodal singularity at 
the crack tip. 
 
3.2 Crack Growth Retardation due to Overload Induced Residual Stress Field 
 
In this study, a finite element analysis using ANSYS 5.7 was conducted to simulate the 
crack-growth retardation due to the single-peak overload under cyclic loadings. The 
objective of simulation is to predict the crack-growth retardation due to the influence of 
overload in Aluminum Alloy with a center pre-crack specimen. The compressive residual 
stress at crack-tip after the overload is the major factor causing retardation (Figure 3.1). 
 
Residual stresses are produced when one region of a part experiences permanent plastic 
deformation while other regions of the same part either remain elastic or are plastically 
deformed to a different degree. The overload introduces a large plastic zone in which the 
material experiences permanent deformation. Upon unloading, the surrounding elastic 
material attempts to resume its original size (the plastic zone is permanently deformed) 
and by doing so, exerts compressive stresses on the plastically deformed material at the 
crack tip. When the crack has grown through the region (compressive plastic zone) of 
residual stresses after a further period of cyclic loadings, the crack growth resumes at the 
propagation rate expected under constant amplitude cyclic loadings. It means that if we 
can introduce compressive residual stress by the controlled yielding (overload), the 
fatigue life of a component will be significantly increased (Figure 3.2). This enhancement 
of fatigue life depends on the peak and magnitude of the overload ratio. 
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Figure 3.1 Residual compressive stresses ahead of crack tip 
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The slower crack growth continues until the crack grows beyond the 
overload plastic region(The Wheeler model of crack growth inside an 
overload plastic zone).  This beneficial residual stress effect of overload 
is called crack growth retardation.
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Figure 3.2 Fatigue life enhancement due to overloads 
 37
 
During the crack propagation, the crack growth is affected by environmental conditions, 
material properties, and loading conditions including the magnitude and stress ratio of 
overload. Careful attention must be given to a series of critical decisions about element 
type, mesh method (Mapped mesh, Free mesh), element length size, the selection of 
material behaviors, model design (geometry of the specimen, symmetric boundary 
condition or loading condition) and crack tip modeling (singular point) if the analysis is 
to be reliable. A model for the elastic-plastic finite element simulation in plane stress is 
presented by running a nonlinear analysis with ANSYS 5.7. The bilinear inelastic 
isotropic hardening (an elastic-plastic model) is considered as element material behavior. 
Large deformation effects were also considered during the nonlinear analysis. The crack 
growth simulation was based on the stress-strain curve of the node point near crack-tip. 
The displacement near crack-tip, the stress-strain curve and stress redistribution along the 
crack plane after overload were investigated during cyclic loadings. The specific results 
that are being aimed for are the effects of overload induced residual compressive stresses 
on the crack growth near the crack tip. 
 
3.3 Finite Element Modeling 
 
In this study, 8 node PLANE82 was used as an element type with the plane stress option. 
Nonlinear analysis was performed with an elastic-plastic material model under the action 
of cyclic loadings when a single high peak overload was introduced. A bilinear inelastic 
isotropic hardening curve (an elastic-plastic model) was considered as material behaviors. 
The tangent modulus is taken as 0 GPa. Therefore, material behaves like an elastic-
perfect plastic model. The mechanical properties of specimen (Aluminum) are shown in 
Table 3.1. The fracture toughness of Al-2024-T3 is 34MN/m3/2. 
 
Table 3.1 Mechanical properties of Aluminum Alloy 
 
 
Elastic modulus 
(E) 
Poisson 
Ratio (ν) 
Yield 
Stress  
Temperature 
(T) 
Tangent modulus 
(H) 
70 [GPa] 0.33 325 [MPa] 
20 
[°c] 
0 
[GPa] 
The region around the crack tip that is under investigation needs to be finely meshed. In 
addition, the results are compared between the mapped and free mesh (with KSCON 
command which assigns element division sizes around a singular key point (crack tip)). It 
automatically generates singular elements around the specified key point. 
 
To advance the crack, the crack tip advance scheme involving node release immediately 
after maximum load on each cycle is the preferred technique. The crack advancement at 
maximum loading was found to yield a closer representation of the actual crack 
phenomenon. The node release technique can also be carried out by using a series of 
nonlinear compression-only and tension-only springs along the crack plane or element 
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death option provided by ANSYS code. However, in this work, the node near the crack 
tip was employed to determine the crack growth or displacement. The displacement and 
stress-strain curve of the node near the crack tip are recorded. 
 
The mesh refinement study was also conducted to determine the size of element length 
(Le) required along the crack plane. The parameter selected for rating mesh size was the 
ratio of the element length (Le) to the plastic zone size (rp). The equation of the plastic 
zone radius given by Irwin’s expression assuming plane stress condition is given in 
equation (2.3). 
 
The value of KI (Stress Intensity Factor) was chosen as 35 [MN/m3/2]. To avoid the 
discontinuity between the crack stress and strain, element size less than Le/rp =0.1 are 
required to appropriately capture the crack plasticity effects. The element length size 
could be obtained as 0.5mm. Symmetry boundary conditions were adopted (Figure 3.3). 
The boundary conditions used for the specimen were as follows. 
 
(1) All nodes along the crack plane were constrained from the crack tip to the right  
             bottom edge along the crack plane. 
      (2) All nodes were constrained along the left plane. 
 
Symmetric 
Boundary 
Condition
Element Size 
around crack 
tip : 0.5mm
Element type :
8 node PLANE 82
10mm 40mm
20
m
m
40
m
m
σ
 
Crack tip 
 
Figure 3.3 Geometry and dimension of finite element modeling 
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The external load within a load step was applied in increments over a certain number of 
sub-steps. The size of the load increment is controlled by defining these subsequent sub-
steps. For the cycling loading steps, 5 sub-steps were specified, with a maximum of 25 
and a minimum of 3 sub-steps. For the overload step, 10 sub-steps were specified, with a 
maximum of 50, and a minimum of 5 sub-steps. Since, the specimen exhibits a severe 
nonlinear behavior during the overload, the load increment was increased up to 1/10th of 
the size of the overload. In order to investigate stress relaxation after overload, constant 
cyclic loadings after the peak high overload have also been applied (Figure 3.4). 
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Figure 3.4 Applied cyclic loading conditions with a high peak overload. 
(The number of load step is shown on the load line.) 
 
In order to investigate the effect of residual stresses in fatigue crack growth, it is 
necessary to know (1) the magnitude and shape of the residual stress field, and (2) the 
combined effect of the residual stress and applied stresses on the fatigue crack growth 
rate. Therefore, the displacement of the node near crack tip was monitored over the entire 
solution. Furthermore, the reaction forces at the same node were monitored. The crack tip 
stress-strain curve at the same node was also plotted. The strain was obtained by adding 
elastic and plastic strain. Combined residual stresses and applied stresses along the crack 
plane were shown by using the path operation command. The results showed the 
influence of overload induced compressive residual stresses on the crack plane. These 
compressive residual stresses will decrease the crack growth rate. Overloads ratio, strain 
hardening, node release technique, creep and various loading conditions should be 
conducted in future work. 
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3.4 Results and Discussions 
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Figure 3.5 Stress-Strain Curve after one overload (80MPa) 
 
 
In Figure 3.5, strain range before overload between A and B moves back to negative 
strain rage C-D after overload 80 MPa. Cyclic strain range is considerably reduced after 
one overload of 80 MPa. Therefore, the crack growth rate will decrease accordingly. 
Strain range becomes negative after overloading due to the residual compressive stress. 
This result might be considered crack growth retardation. This decreased strain will affect 
a change of displacement near crack tip. This graph shows the effect of overloading near 
crack tip displacement. The combined effect of the residual stress and applied stresses on 
the crack plane before overload and after overload was shown in order to know the effect 
of residual stresses in fatigue crack growth. The initial objective of this study is to 
investigate the influence of overload induced residual compressive stress field on fatigue 
crack growth. Accordingly, residual compressive stress is induced due to the overload 
when the model is stressed over yield point 200 MPa, but the stress-strain curve turns out 
to be unrealistic. The reason was a bilinear inelastic isotropic hardening (BISO) curve (an 
elastic-perfect-plastic model) was considered as a material behavior. Actually, the BISO 
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(material model behavior) cannot be used in order to simulate accurate rate-dependent 
plasticity as well as cyclic hardening or softening. Therefore, careful attention should be 
given to selections like element type, material model behavior. Further work needs to be 
carried out in the future. In order to simulate the actual crack growth, mesh at the crack-
tip need to be re-meshed whenever the crack advances along the crack plane. 
 
 
 
79MPa
100MPa
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Figure 3.6 von-Mises Stress during overloading (after load step 5) 
 
 
In Figure 3.6, the yield has occurred at the crack tip due to the stress concentration when 
overload of 70 MPa was applied. Therefore, the plastic deformation occurred at the crack 
tip. This plastic deformation at the crack tip was squeezed after overload and then, 
compressive residual stress field has been induced at the crack tip. 
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Figure 3.7 Applied cyclic loading conditions with two overloads condition  
(80MPa-80MPa) 
 
To induce proper residual stresses, the peak and magnitude of the overload ratio are 
important, and therefore various loading conditions need to be conducted. Two overloads 
condition are carried out as shown in Figure 3.7. 
 
The plot of total strain curve (Figure 3.8) didn’t show any significant decreased in strain 
reading after second overloading for 80MPa-60MPa. After the second overload, the 
second reduced strain was recorded only in 80MPa-100MPa. In case of 80MPa-80MPa 
(Figure 3.7), the strain range after the second overload was plotted at the same strain 
range level following the first overload. This is because the material used in this study did 
not remember the load history. The effect of first overload was completely eliminated 
during the second overload. 
 
Plasticity is a non-conservative, path-dependent, time-dependent and temperature-
dependent phenomenon. Two overloads effects on the crack plane and crack growth rate 
were not well documented in this study, because the material did not remember the load 
history. Von-Mises stress redistribution along the crack plane after first overload (80MPa) 
was reduced as shown in Figure 3.9. 
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